The neuron R15 is a peptidergic cell within the abdominal ganglion of Aplysia that participates in two neural circuits governing physiological and behavioral programs. We have cloned and characterized the major gene product expressed in this neuron. The R15 cDNA encodes a polyprotein precursor that is cleaved to yield a set of small neuropeptides. One peptide, R15 a,, may act on different target cells to generate distinct but complementary physiological alterations that contribute to a program of cardiovascular changes in Aplysia. We have found that the RNA encoding the R15 polyprotein is spliced differently in different neurons. Our results suggest that alternative splicing of RNAs encoding polyproteins may provide a mechanism to generate distinct but overlapping sets of peptides that govern distinct but related physiological or behavioral programs.
Introduction
Neuroactive peptides are capable of acting both within the nervous system as synaptic modulators and on nonneural targets as hormones (Krieger, 1983; Lynch and Snyder, 1986) . In this manner, peptides may coordinate the components of complex behavioral and physiological programs. The nervous system of the marine mollusk Aplysia provides a useful system for the study of the molecular and cellular events involved in peptide-mediated programs (Kandel, 1979) . The Aplysia nervous system is both numerically and structurally simple. The ganglia contain large identifiable neurons that are accessible and readily manipulated.
We have cloned and characterized the cDNA encoding the major neuropeptide expressed in the Aplysia neuron R15 (Loh and Gainer, 1975; Kupfermann and Weiss, 1976; Strumwasser and Wilson, 1976; Aswad, 1978; Buck et al., 1983) . This neuron is involved in two neural circuits; one circuit elicits a physiological program of cardiovascular changes (Kandel, 1976; Koester and Koch, 1987 ) and a second circuit governs a stereotyped behavioral and physiological program leading to egg deposition (for reviews, see Kandel, 1970; Kupfermann, 1972; Blankenship, 1980; Strumwasser et al., 1980; Scheller et al., 1983) .
Several interesting points emerge from analyses of the structure and expression of the R15 peptide gene. The R1.5 peptide cDNA encodes a polyprotein precursor that is cleaved to generate a set of neuropeptides. We have found that the RNA encoding the R15 polyprotein is spliced differently in different neurons. The structures of the alternative RNAs indicate that the R15 splice choice may generate distinct but overlapping sets of peptides in different neurons. Thus if individual peptides within1 a polyprotein govern individual components of a behavioral or physiological program, alternative splicing may provide a mechanism by which distinct but overlapping sets of peptides may generate distinct but overlapping behavioral or physiological programs.
In addition, one peptide, R1.5 at, exhibits two potentially complementary activities: it acts as an osmoregulatory peptide, increasing blood volume, and also modulates the activity of a set of cardiac motor neurons that control heart rate. Therefore, the action of a single peptide on distinct targets may produce complementary physiological effects involved in regulating cardiovascular function.
Results

Isolation of cDNAs Encoding Peptides Specific to Individual Neurons
Several of the identified neurons in the gianlglia of Aplysia are quite large (up to 1 mm in diameter) (IKandel, 1979) . The invariant positioning of Aplysia nerve cells along with their size facilitates the isolation of genes expressed in individual neurons. We used differential screening techniques to isolate cDNAs encoding the neuropeptides selectively expressed in the abdominal ganglion neuron R15 (Buck et al., 1983) . Several clones specific for neuron R15 were isolated from an abdominal ganglion cDNA library. Restriction mapping and Southern blotting indicated that all of these RlS-specific clones were derived from the same mRNA, which, as determined by Northern blot analyses, was approximately 2.8 kb in length. Two near full-length clones, 2.6 kb in length (R15-1 and R15-2) were subsequently identified.
The sites of expression of one R15 cl~on~e (R1.51) were initially examined by RNA dot blot experiments (not shown). This clone hybridized to RNA from the neuron R15, but not to RNA isolated from several other identified abdominal ganglion neurons. However, further analyses demonstrated that the R15 sequence is expressed in several ganglia that form a ring in the head of tlhe animal (the ring ganglia). Thus the R15 gene exhibits a restricted pattern of expression but is not exclusively (expressed in the neuron R15. This conclusion was confirmed by in situ hybridization experiments (see below) that revealed the presence of hybridizing mRNA in numerous large neurons in several different ganglia.
Nucleotide sequence analysis of the Rl&specific clone R15-1 demonstrates that this cDNA encodes a peptide precursor (Figure 1 ). The first translation initiation codon is encountered 333 nucleotides from the 5' end of the The nucleotide and predicted amino acid sequences of cDNA clone Rt5-1. The 6 nucleotide and 48 nucleotide alternative segments that distinguish RI51 and R15-2, respectively, are boxed. Arrows indicate known or presumed sites of endopeptidase cleavage that are used during processing of the polyprotein in neuron R15. cDNA, and is followed by an open reading frame of 426 nucleotides and approximately 1850 nucleotides of 3' untranslated DNA. The N-terminal 26 amino acids are rich in hydrophobic residues but also contain three charged residues. In order to determine whether the N-terminal region serves as a signal recognition sequence characteristic of a secreted polyprotein (Blobel, 1980; Sabatini et al., 1982) RNA was prepared from a pSP6 subclone of R15-1 and was translated in vitro in the presence or absence of dog pancreas microsomes (Shields and Blobel, 1978) . In the absence of microsomes, a protein of M, 17.0-17.5 kd is synthesized that, upon the addition of microsomes, is reduced by 2.5-3.0 kd in length (data not shown). Thus the N-terminal residues are likely to serve as a signal sequence characteristic of secreted proteins.
The R15-1 protein sequence contains four pairs of basic residues and a single arginine residue that pulse-chase studies suggest may serve as common endopeptidase cleavage sites (Aswad, 1978) . Moreover, the sequences flanked by three of these sites in clone R15-2 (see below) correspond to two peptides recently isolated from R15 neurons (Weiss et al., unpublished data) . Thus the cDNA we have cloned encodes a polyprotein neuropeptide precursor.
Alternate Forms of the R15 Polyprotein In order to ensure the accuracy of the protein sequence deduced from the R15-1 cDNA, we determined the nucleotide sequence of a portion of a second R15 clone, R15-2. The nucleotide sequences of the two clones are identical over the 778 nucleotides compared, except at three positions: at nucleotides 258 and 344 there are single base substitutions. The second of these lies within the coding region but does not alter the amino acid residue. Sequence analysis of a third clone (R15-3) indicates that these differences reflect polymorphisms (see below). A more striking difference occurs beginning at nucleotide 489, at which a 6 nucleotide sequence present in R15-1 is replaced by a different 48 nucleotide sequence in clone RX-2 (Figure 1 ). This 48 for 6 nucleotide substitution does not alter the reading frame of the subsequent residues.
The 6148 substitution that distinguishes the two clones could result from the transcription of two different but highly homologous genes or from differential processing of a common transcript from a single gene. Alternatively, one of the two cDNAs may reflect a cloning artifact. In order to determine whether both cDNA clones reflect RNAs present in the ganglia, we performed a series of Sl nuclease digestion experiments on hybrids formed between ganglia RNA and fragments of the two R15 cDNA clones ( Figure 2 ). In the first experiment we used a 904 nucleotide probe that contained 824 nucleotides of R15-2 cDNA flanked by 80 nucleotides of vector sequence. RNA containing the 48 nucleotide segment is expected to protect fully the 824 nucleotide cDNA portion of this probe from Sl digestion. RNA lacking the 48 nucleotide segment, but containing the 6 nucleotide replacement, would be expected to protect two fragments 482 and 294 nucleotides in length. Hybridization of the R15-2 probe to RNA from abdominal ganglia reveals a major band corresponding to full protection, and bands of lesser intensity of approximately 480 and 290 nucleotides. These results indicate that in the abdominal ganglion both R15-1 and R15-2 RNAs are present, but that the predominant RNA contains the 48 nucleotide segment encoded by R15-2. In contrast, with RNA from the ring ganglia, the major species protected after Sl digestion are the 480 and 290 nucleotide bands; a minor, fully protected band can be seen only after prolonged exposure. Thus the majority of RNA in the ring ganglia contains the 6 nucleotide substitution. An analogous experiment using R15-1 cDNA (containing the 6 nucleotide substitution) as probe generated a complementary set of data entirely consistent with the Sl experiments using the R15-2 cDNA ( Figure 2 ). These experiments demonstrate that the two variant cDNAs we have identified reflect the presence of two distinct RNA species expressed in the abdominal and ring ganglia. Moreover, they indicate that the predominant species of RNA expressed in the abdominal ganglion contains the 48 nucleotide sequence, while the major species expressed in the ring ganglia contains the 6 nucieotide alternative.
The 48 for 6 nucleotide substitution is likely to be of physiological importance since the 48 nucleotide sequence encodes a portion of a biologically active neuropeptide in Aplysia. A 38 amino acid peptide controlling water balance has recently been isolated from R1.5 neurons and sequenced (Weiss et al., unpublished data) . This peptide, which we shall call the R15 al peptide, is encoded by the segment of R15-2 cDNA that contains the 48 nucleotide alternative (Figure 3 ). Synthetic al peptide has now been prepared and has been shown to possess potent osmoregulatory activity and also to modulate the activity of other Aplysia neurons (Weiss et al., unpublished data; A. Alevizos, personal communication) . The corresponding peptide encoded by R15-1, a2 peptide (Figure 3 ), containing the 6 nucleotide substitution, is missing 16 of the 38 amino acids; it is likely that this change alters the physiological activity of the molecule. A second peptide predicted from the R15-2 cDNA sequence (the I3 peptide) has also been isolated from R15 neurons (Weiss et al., unpublished data) . In contrast to the a1 peptide, the p peptide is encoded by both R15-1 and R15-2 cDNAs.
The R15 Polyprotein RNA Is Alternatively Spliced The two different forms of RI5 RNA may result from the expression of two distinct genes or from alternative processing of an RNA transcript of a single gene. The structure of the two R15 polyprotein precuraocs and the resultant cleavage products. R15-2 contains the 16 amino acid segment (encoded by the 46 nucleotide exon) that generates the 38 amino acid, bioadive peptide present in neuron R15 (al peptide). FM-1 contains instead a 24 amino acid peptide, aa. The 27 amino acid peptide shown (0 peptide) has also been isolated from neuron R115. The additional peptides released from the precursor are surmisacl from pulse-chase studies of the RI.5 polyprotein (Aswad, 1978) .
tides. Sequence analysis of a third clone (R15-3), which contains the R15-2 48 nucleotide substitution, showed the same residues as R15-1 at both of these sittts, thus indicating that these single base changes reflect polymorphisms. This evolutionary conservatioin in both coding and noncoding sequences strongly suggersts that the two RNAs derive from a single gene. numerous small exons and rather large introns. Nucleotide sequence analysis of genomic clones demonstrates that the alternative 48 nucleotide sequence exists as a separate exon. This 48 nucleotide exon is flanked on its 5'end by a 9 kb intron and on its Blend by an intron greater than 17 kb in length. It has therefore been difficult to identify clones containing the 6 nucleotide alternative of R15-1, which is also likely to exist as a single exon. Nevertheless, the presence of the 48 nucleotide segment encoded in a distinct exon in the Aplysia genome strongly supports the conclusion that a single R15 gene generates two variant mRNAs via an alternative splicing mechanism.
Finally, genomic blotting experiments were performed to determine whether one or more FL15 peptide genes are present in the Aplysia genome (Figure 4) . To this end, we used as probe a 297 nucleotide segment of R15-1 cDNA (nucleotides 766-1062) that was shown by genomic sequence analysis to be encoded by a single exon and that is devoid of Pstl, Bglll, and Hindlll sites. Aplysia sperm DNA was digested with each of these three enzymes and analyzed by genomic blot hybridization. A single hybridizing band is observed with each enzyme, further suggesting that the Aplysia genome contains a single R15 polyprotein gene that can generate two distinct mRNAs by alternative RNA splicing.
Differential Splicing in individual Neurons
The Sl nuclease experiments indicate that the R15 splicing choice is regulated: one splicing pathway predominates in the abdominal ganglion, while the other splicing pathway predominates in the ring ganglia. We may consider two possible mechanisms governing this choice: individual neurons may be capable of synthesizing both forms of R15 RNA, but the ratio of the two forms may differ in different neurons. Alternatively, individual neurons may synthesize one or the other RNA, but not both. In the latter scheme, the relative amounts of the two RNA species would reflect the number of neurons expressing one or the other species. The R15 neuropeptide gene is expressed at a high level in neuron R15, but is also expressed at lower levels in some other abdominal ganglion neurons (see below). We therefore performed RNA in situ hybridization experiments in which sections of abdominal ganglion were hybridized with RNA probes encompassing either the entire R15-1 cDNA or a small genomic fragment containing only the 48 nucleotide alternate exon to examine whether individual neurons within the abdominal ganglion make different splice choices.
Hybridization of thin sections of abdominal ganglion with 35S-labeled antisense RNA probes spanning the entire R15-1 cDNA demonstrates that the most active site of synthesis of the R15 peptide gene is in the neuron R15 ( Figure 5 ). Lower levels of RNA can also be detected in a number of other abdominal ganglion neurons. Adjacent sections of the abdominal ganglion were hybridized with the RNA probe containing the 48 nucleotide exon. With this restricted probe, hybridization is only observed to neuron R15 ( Figure 5 ). This result is consistent with Sl nuclease analyses indicating that the predominant form of RNA expressed in the abdominal ganglion contains the 48 nucleotide exon. These observations suggest that although the 48 nucleotide splicing alternative is chosen by the neuron RX, it is not chosen by other neurons within the ganglion expressing this gene. These results, however, must be interpreted with some caution, since the hybridization signal observed with the 48 nucleotide exon probe is weak compared to that observed with the intact cDNA. Nonetheless, with the 48 nucleotide exon we detect hybridization only to neuron R15, while the complete cDNA anneals with numerous additional neurons. This suggests that individual neurons within the abdominal ganglion process RNA transcripts from a single gene in different ways.
Discussion
We have cloned and characterized the major gene product expressed by the neuron R15, a peptidergic cell within the abdominal ganglion of Aplysia that is involved in two neural circuits governing a physiological and a behavioral program. The RI5 cDNA encodes a protein precursor that is cleaved to generate a set of small peptides. Two of the peptides predicted from the sequence of the R15 poly- Sequential sections from an Aplysia abdominal ganglion were hybridized with 35S-labeled antisense RNA prepared from the intact RI!!,-1 cDNA (above) or from a genomic fragment containing the 48 nucleotide alternative exon (below). Photographs were taken using darkfield illumination.
protein cDNA have now been identified in neuron R1.5 (Weiss et al., unpublished data). The presence of multiple peptides within a single precursor is commonly observed with both invertebrate and vertebrate peptides (Douglass et al., 1984) . One consequence of the polyprotein structure is that multiple companion peptides may be coordinately synthesized. Since polyproteins are cleaved into individual peptides within secretory vesicles, this coordination extends beyond synthesis to the actual release of companion peptides upon fusion of a single vesicle with the plasma membrane. If the individual peptides within the polyprotein control different components of a program, then this mode of synthesis may coordinate the elements of a complex physiological or behiavioral repertoire (Scheller et al., 1982) . This point may be reflected by the peptides released from FM, which may act in a coordinate fashion to elicit a program of cardiovascular changes.
Neuron-Specific
Splicing Generates Different Peptide Sets in Different Neurons If individual events within a behavioral o'r physiological repertoire are elicited by individual peptides, then it is reasonable to assume that distinct but overllapping combinations of peptides may generate different repertoires with overlapping component elements. One mechanism by which a single polyprotein may generate several different combinations of peptides involves alternative patterns of cleavage of the peptide precursor. The proopiomelanocortin precursor is cut differently in different cell types to generate distinct sets of peptides (reviewed in Douglass et al., 1984) . Our studies demonstrate another mechanism by which overlapping but nonidentical1 combinations of individual peptides can be generated: alternative splicing of an RNA transcript encoding a polyprotein.
The R15 polyprotein gene encodes a primary transcript that is alternatively spliced to generate two different mRNAs in different neurons. In the abdominal ganglion both mRNA species are present, but the splecies containing the 48 nucleotide exon predominates. The expression of the two forms of mRNA in the ganglion may reflect the synthesis of both RNAs in all neurons in which the R15 gene is active. Alternatively, individual neurons may express only one form or the other. In situ hybridization experiments demonstrate that the 48 nucleotide exon is abundantly expressed in neuron R15 mRNA but cannot be detected in other abdominal ganglion neurons expressing the R15 gene. Furthermore, in contrast to the abdominal ganglion, most of the R15 polyprotein mRNA present in the ring ganglia contains the 6 nucleotide exon characteristic of the R15-1 cDNA. Taken together, these data suggest that the R15 splicing choice is not stochastic, but rather is tightly regulated in individual neurons. We cannot, however, exclude the possibility that difherences in the levels of the two splice alternatives actually reflect differences in the relative stability of the two mRlNA species in different cells (Shaw et al., 1986) .
Differential splicing has been observed for numerous eukaryotic genes. Alternatively spliced mRlNAs are most often observed in different tissues or at different stages in development (reviewed in Leff et al., 1986) . Our data demonstrate that different splicing choices can1 be made by different neurons: individual neurons within the Aplysia nervous system regulate the processing of an RNA transcript from a single gene in different ways.
Another interesting aspect of the R15 splice choice is that the two mRNAs generate two distinct polyprotein precursors that can then be cleaved to generate two different, but overlapping, sets of neuropeptides. The R15 gene encodes the 38 amino acid osmoregulatory, neuroactive a1 peptide. The al peptide is encoded by only one of the two alternatively spliced forms of mRNA. Both forms, however, encode an adjacent 27 amino acid p peptide that has been isolated from neuron R15. Nonidentical peptide sets may also be generated by differential splicing of the transcripts encoding the calcitonin/CGRP peptides and the tachykinins, substance P and substance K (Amara et al., 1982; Nawa et al., 1983 Nawa et al., , 1984 Rosenfeld et al., 1984; Kawaguchi et al., 1986) . The consequences of alternative splicing of polyprotein transcripts can therefore differ from more classical instances of alternate splicing in which each alternative mRNA encodes a single, distinct protein.
Thus alternative splicing of polyprotein transcripts encoding neuroactive peptides may yield overlapping but nonidentical peptide sets that may be involved in the generation of different but related physiological events and behaviors.
R15 Peptides May Participate in Two Neural Circuits
Studies on the action of R15 al indicate that this peptide may act on different target cells to generate distinct but complementary physiological changes that together serve a common end. The 38 amino acid al peptide has now been chemically synthesized and has been shown to possess potent osmoregulatory properties (Weiss et al., un'published data) . The al peptide also appears to act via an indirect neural circuit to stimulate a set of cardiac motor neurons that affect heart rate (A. Alevizos, personal communication). These observations suggest that the al peptide exerts distinct central and peripheral effects that together contribute to a program of cardiovascular control in Aplysia. This program may be regulated under some circumstances by a well-studied neural circuit that includes R15 as well as a central cardiac command neuron and a series of cardiovascular motor neurons (Kandel, 1976; Koester and Koch, 1987) . The ability of peptides to act both centrally and peripherally to elicit coordinate physiological and behavioral events is also illustrated by vertebrate peptides such as angiotensin II and prolactin (Smith, 1980; Ganong, 1983; Reid, 1983; Bridges et al., 1985) . Prolactin, for example, acts peripherally to stimulate milk production in pregnant rats and at the same time acts centrally to elicit maternal behavior (Smith, 1980; Bridges et al., 1985) .
Neuron R15 also belongs to a neural circuit that controls the stereotyped innate behavior of egg laying. Egg laying in Aplysia consists of a rigidly coordinated series of behavioral and physiological events that constitute a fixed action pattern (Kandel, 1970; Kupfermann, 1972; Blankenship, 1980; Strumwasser et al., 1980; Scheller et al., 1983) . Egg laying is thought to be initiated by the action of one set of peptides, the A and B peptides (Heller et al., 1980) , which elicit the release of a second set of egglaying peptides, egg-laying hormone (ELH) and its companions. One of these peptides, ELH, stimulates neuron R15 (Branton et al., 1978; Mayeri et al., 1979; Mayeri and Rothman, 1982) . Neuron R15, in turn, releases a third set of neuropeptides that may be important in the egg-laying process, possibly by effecting characteristic cardiovascular alterations. In this manner, the action of a single peptide, A or B peptide, can be amplified to elicit the release of several additional peptides, each with multiple sites of action. This hierarchical cascade of neuroactive peptides presumably elicits the full array of behavioral and physiological events characteristic of the egg-laying repertoire.
Experimental Procedures
DNA Blot Hybridization For Southern blots, 5.0-7.5 pg of Aplysia sperm DNA (generously provided by Pascal Madaule) was digested with Pstl, Bglll, or Hindlll, eledrophoresed in 0.75% agarose gels, and blotted onto nitrocellulose or Gene Screen (Maniatis et al., 1982) . Blots were hybridized as described in the Gene Screen instruction manual with 32P-labeled DNA fragments prepared by nick translation (Weinstock et al., 1978) .
DNA Sequence Analysis RI5 cDNAs and fragments of these cDNAs as well as RI5 genomic fragments were subcloned into Ml3 vectors (Vierira and Messing, 1982) and sequenced using the dideoxy chain termination technique of Sanger et al. (1977) . Overlapping cDNA fragments were sequenced in both orientations to ensure accuracy.
Sl Nuclease Analysis
32P-labeled single-stranded antisense probes were prepared to a specific activity of 1.3 x lOa dpmlvg from M13mp19 subclones of R15-1 or R15-2 cDNAfragments using Klenow polymerase. Following elongation, the double-stranded material was cleaved 3'to the antisense portion of the labeled strand with Hindlll, and the single-stranded probe was isolated by alkaline gel electrophoresis (Maniatis et al., 1982) . Probes contained Ml3 vector sequences at the 5' and 3' ends totaling 73 nucleotides. One nanogram of probe was hybridized for 11 hr at 47% with 10 pg of RNA from abdominal or ring ganglia or of E. coli tRNA in 25 pl Sl hybridization buffer (Maniatis et al., 1982) . Samples were then treated with 2000 units of Sl nuclease (BRL) for 30 min at 37% in 30 mM Na acetate (pH 4.5), 250 mM NaCI, 1 mM ZnSO1, and 9.2 mM P-mercaptoethanol.
Following precipitation, an equal portion of each sample and 0.1 ng of unhybridized probe DNA were electrophoresed in a 40 cm 7 M urea-5% polyacrylamide gel. For size standards, pBR322 DNA digested with Hinfl or Hinfl and EcoRl was endlabeled with 32P using Klenow polymerase (Maniatis et al., 1982) .
In Situ Hybridization
Ganglia were fixed for 8-12 hr in Bouin's fixative and were then embedded in paraffin using standard histological procedures. Five micrometer sections were collected on slides coated with poly-L-lysine and dried for 48 hr at 55%. Sections were deparaffinized in xylene, hydrated through descending concentrations of ethanol, and then treated with proteinase K and acetylated as described in Cox et al. (1984) . Single-stranded RNA probes labeled with [a-%]UTP to a specific activity of 6.7 x lo7 dpmlvg were prepared (Anderson and Axel, 1985) from pSP6 subclones of the intact R15-1 cDNA or a 2.0 kb genomic fragment containing the 48 nucleotide alternative exon flanked by intronic sequence. Hybridization was performed at 55OC for 16 hr under paraffin oil using 0.2-0.3 pg/ml per kb of labeled probe RNA in 50% formamide, 0.3 M NaCI, 10 mM Tris-HCI (pH 8.0), 1 mM EDTA, 1 x Denhardt's solution, and 10% dextran sulfate (Cox et al., 1984) . Sections were subsequently treated with RNAase A (20 wg/ml) and washed in 2x SSC, and then 0.1x SSC, following the procedures of Cox et al. (1984) and Anderson and Axel(1985) . Autoradiography was performed as described in Angerer and Angerer (1981) .
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